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Introduction 


From the time that Becquerel first noted that 
a portion of the radiation from a radioactive source 
called beta radiation could be strongly deflected by 
a perpendicular magnetic field physicists have worked 
at devising methods and means for measuring the in- 
tensities and energies of the particles composing this 
part of the radiation which were early identified as 
electrons. Various methods have been used for this 
purpose. 

A device called the spinthariscope was 
used by Regener to determine the total beta emission 
fran a radioactive source. A tank with a source placed 
inside was evacuated, and a zinc sulphide screen was 
placed in an opening at one end of the tank so that it 
could be viewed through a microscope. The particles 
striking the screen would form temporary illuminated 
spots that could be counted if they were not to 


numerouse Since the solid angle subtended at the 


source was known, the total emission could be determined. 


However, because of the small mass of the electron 
each of the scintillations Wes probably caused by 


several electrons striking close together. 
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Another principle that has been used extensively 


for the determination of the intensity of a source as 
well as for detecting radiation in general is the fact 
that radiwactive particles will cause ionization in | 
a gas which will cause the gas to become electrically 
conducting. A radioactive source placed near a charged 
electroscope will cause the leaves to collapse. The 
activity of the source is inversely proportional to 

the time required for the leaves of the electroscope 

to collapse. Modifications of this method have been 
used by various investigators. 

The ionization chamber, which is a modification 
of the electrometer, has been used very satisfactorily 
for detecting and measuring the activity of a source. 

A cylinder of screen wire is placed inside a chamber 
which will hold pressures up to several atmospheres. 

The chamber is electrically grounded, while the screen 
is maintained at a high electric potential. A rod in 
the center of the cylinder is insulated from the screen 
and chamber and is connected through a sulphur bushing 
in the chamber to a quartz fiber which has been made 
electrically conducting by a metal coating. The wire is 
under slight tension between two oppositely charged 
plates where it is viewed through a microscope provided 


with a calibrated scale. As the central rod acquires 
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a charge it is conducted to the quartz fiber, and the 
fiber will be #eflected away from the charged plate of 
like charge as that on the wire. The amount of de- 


flection is proportional to the charge on the wire which 


in turn is proportional to the activity of the radioactive 


source. The sensitivity of the apparatus can be chamged 
by changing the potential differences on the plates. 
By replacing the quartz fiber and charged plates with a 
vacuum tube amplifying circuit the ionization current 
in the chamber cmld be determined which is proportional 
to the activity of the source. Refinements of this 
method led to the Geiger-Mueller counter which is used 
universally today for the detection of radioactivity 
and for the measurement of the intensity of a source. 
The methods described so far measured the 
intensity of a particular source, but they didn't give 
any information concerning the energies of the electrons 
in the beta radiation. In 191l, the Wilson Cloud 
Chamber!, named after the inventor C.T.R. Wilson, was 
demonstrated. By the use of this instrument it was 
possible to see and photograph the path of an individual 
particle. Water or alcohol or any liquid whose vapors 
have negative specific heats are placed in the bottom 


of a chamber which is equipped with bellows and an 


ie Celons Wilson, Proe. Rays Soc. A, 85, 285 (1911). 
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expansion chamber so that the vapors above the liquid 
can be compressed and rapidly expanded. Ina super- 
saturated vapor condensing droplets will form an any 
electrically charged particles present. With vapors of 
negative specific heats, a supersaturated vapor can 
be produced by suddenly increasing the volume in 
which the saturated vapors are contained. Vapors of 
positive specific heats can also be used, but the volume 
containing the saturated vapors must be suddenly re- 
duced. Any radioactive particle passing through the 
vapor will produce ions all along its path. Ifa 
particle passes through just as a supersaturated vapor 
is formed, each of the ions formed by the particle will 
have droplets formed on it which can be seen and 
photographed thus outlining the path which the particle 
followed through the chamber. An electric field is 
applied to the chamber until just before the track is 
to be observed to remove any ions that may have diffused 
through the chamber. As soon as expansion is com- 
pleted, the chamber is lighted and a photograph of the 
tracks made. 

A magnetic field applied perpendicular to 
the floor of the chamber causes the particles to be 
deflected at right angles to the direction of their 


motion and to the magnetic field thus causing their 
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paths to be circular; the direction of deflection de- 
pending on the charge on the particle. The particles 
can thus be identified by the direction of their 
motion, and from their radii of curvature their momenta 
and thus their energies can be determined. The re- 
sults obtained by this method are sometimes lacking in 
exactness because of scattering effects in the chamber. 

The beta rays were found to be composed of 
electrons of energies ranging from a maximum value down 
to zero. In order to determine the number of particles 
in each energy group beta ray spectrometers of various 
types were developed. 

In the first type of spectrometer devised, 
a beam of electrons from a beta emitting source passed 
through a defining slit into a uniform magnetic field 
perpendicular to the direction of the beam of 
electrons. The beam was spread into a spectrum by the 
magnetic field ane to the fact that the slower, less 
energetic electrons will have a smaller radius of 
curvature than the more energetic ones. This spectrum 
was registered on a photographic plate. The radius of 
curvature and hance the momentum and energy of the 
particles could be determined. The intensities of the 
various energy groups could be determined by the relative 


darkening of the photographic plate in the areas where 
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the various energy groups landed. This method was 

not toosatisfactory, however, because the source was 
finite instead of being a point source. Thus there 
was an overlapping of energy groups on the photgraphic 
plates since particles of the same energy could have 
varying directions on passing through the slit which 
changed their position on the photographic plate. 

This method was first used by Danyszt who 
later developed the magnetic semicircular focusing 
spectrometer. This later type was improved and used 
by Robinson and Rutherford and is still used with 
variations in design. 

The source is placed at a point slightly 
below a defining slit. A photographic plate is placed 
on a lead block 180°from the slit. The chamber is 
evacuated and placed in a uniform magnetic field directed 
perpendicular to the plane of the source and photo- 
graphic plate. Particles emerging from the slit having 
the same velocities will describe circles of equal 
diameters. If the slit.is not. toowide, all particles 
with the same energies will land almost on the same 
spot on the photographic plate. The particles passing 
through the center of the slit will actually land a 
little farther from the slit than those passing on 


either side. This will give a sharp outer edge with a 


Is J. Danysz, Le Radim, 9,1 (1912); 10,4 (1913). 
2. H. Robinson & E, Rutherford, Phil. Mag.,26, 717 (1913). 
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more diffuse inner edge. Those particles of different 
energies will land at different distances from the 
slit. The intensities of the various energy groups 
are determined by measuring the relative darkening 

of the photographic plate with a densitometer. 

In later improvements of this type of 
spectrometer, a slit is cut in the bottom of the tank 
at 180°from the slit, and a window with low electron 
absorbing properties is placed in the slit to make 
the tank air tight. The electrons emerging from the 
slit are counted by a Geiger tube and counting circuit. 
The magnetic field is varied in this case to bring par- 
ticles of varying energies to the slit. 

Another type of spectrometer uses the principle 
of the electron lens for measuring the energy 
distribution. A source is placed at one end on the 
axis of an evacuated cylinder around which a solenoidal 
wound conductor is placed. A Geiger counter is placed 
at the other end on the axis. Lead baffles are placed 
between the source and Geiger tube. When current flows 
through the coils, an almost uniform magnetic field 
will be set up parallel to the axis. Since baffles are 
placed along the axis, only those particles starting 


off at an angle to the axis will reach the detector. 
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Since particles starting from the axis at an angle 
cross the magnetic lines of force at an angle, they 
will tend to execute helical paths. For a particular 
magnetic field, particles with the right velocity will 
complete a circle in the time that it takes it to pass 
from the source to the Geiger tube and will be back on 
the axis at the time it reaches the Geiger tube. All 
particles of different velocities will not be back on 
the axis in the same time and will not be registered by 
the counter. By varying the current through the coil 
and hence changing the magnetic field,a different energy 
group will arrive at the detector. The momentum of the 
particles varies linearly with the current in the coils. 
Thus the spectrometer can be calibrated for various 
energies by calibrating current against known energies. 
Spectrometers using te same principle except using 
short bunched coils such as are used in the electron 
microscope have been constructed by Klemperert and 
Deutsch. 

Hughes and Rojansky? first determined that 
electrons of the same energy could be focused by the 
use of a radial, first power, electrostatic field. 

They calculated that for an angle of 127°17' between 


the source and the detector, the electrons of the same 


tie, Oh ienponsa Phil. ia del, 20, SUS (2938) 
2. M. Deutsch, Phys. Rev., 59, 66 8h. (1941). 
JM. Deutsch, LG Hlliot, & R.D. Evans, de Sele inst., 
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energy passing through the entrance slit will refocus 
at the exit slit and pass into the detector. Two 
concentric grids set up the inverse first power, radial 
field. There is a linear relationship between the 
energy of the particles and the voltage difference 
between the electrodes. Spectrometers of this type have 
been used by Backus! and Rogers.< 
The methods outlined above give the basic 
principles in use in beta-ray spectrometers. Other 
modifications of these principles are possible to be in- 
corporated in future devices. The design of the 
spectrometer proposed in this paper uses some of the 
features of several of the instruments described. 
In this spectrometer, the electrons emitted by the 
radioactive source are accelerated and focused by a 
special type of electrostatic lens. The source and 
lens are shielded by iron to prevent magnetic fields 
fran interferring with the focussing action of the lens. 
After the particles leave the lens, they 
pass through an opening in the iron shield into a 
uniform magnetic field perpendicular to the motion of 
the electrons. The electrms move in a radial path, the 
radius of the path being determined by the velocity of 
the electrons. Upon passing through an exit window, 


the particles are detected by a Geiger counter. 
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The purpose of the changes in design of this 
spectrometer from other types is to make possible the 
more accurate study of the lower end of the beta spectrum. 
Difficulties are encountered in the study of low energy 
beta particles with instruments in use at the present 
time because many of the particles are absorbed in 
the exit windows and Geiger tube windows due to their 
low energies. With the electrostatic lens to be used 
with this spectrameter all particles will be uniformly 
accelerated so that the same relative position of the 
energy groups in the spectrum will be maintained, but 
the low energy groups will be given sufficient energy 
to pass easily through the exit and counter windows. 

Another feature which could be made use of 
with this instrument is the possibility of making 
coincidence counts of various definite known energy 
groups of electrons from the same radioactive source 
thereby gaining furthur information on the subject of 


beta decaye 
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Lens Design 


Section A: Theory 


When an electron enters a space of which the 


electrostatic potential @ is known at every point, a force 


will be exerted on the electron equal to ey where 
e is the charge on the electron and gq is the generalized 
spatial coordinate. This force will be directed along 
the electric field vector which extends perpendicular to 
an equipotential line. If the electrostatic field in 
the space is non-uniform and so shaped that the electron 
in its motion is continually accelerated in the same 
direction, this space can be used as an electrostatic 
lens for focussing electrons in a manner analogous to a 
light lens. Such a field can be set up by applying a 
potential difference between two electrodes of a special 
type. 

Before it is possible to calculate the path 
of an electron through the field, it is necessary to 
know the potential distribution between the electrodes. 
To do this it is necessary to solve the Laplace equation 
with boundary conditions dictated by the shapes of the 


electrodes and the potentials applied. The theory 
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given here of the solution of this problem and the 
tracing of an electron through the field follows, mainly, 


the discussion of Zworykin and Morton in their book 


Televisi ont, chapters 3 and hy and Maloff and Epstein 


in their article, "Theory of the Electron Gun".¢ 


The solution of the Laplace equation 


> 2 
Ee ag a (1) 


ox* oy? 3Z 


will give the potential as a function of the spatial 
coordinates. The electrostatic field can then be de- 
termined by differentiating the solution with respect 


to the coordinates. Then 
EB =) ES a0(x,y,z) 3 
” ox 
Weer a0(x,y,Z) 3 
ay 


( 339 ) e 
i) Bok ae X,Y,Z 


It is then seen from the original equation that the 


field must satisfy the equation 


Qo gi gE 
eee Se eee 
x ‘3 oy i Ry? 0. (2) 


I. Television. The Blectronica, of Image Transmission, 


VK. 4worykin and G.A. Morton; John Wiley and Sons, 
Inc., publisher. 

2. I.G. Maloff and D.W. Epstein, Theory of the Electron 
Gun. Procel.R.E., Dec.193h, Vol. 22, No. 12. 
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No general solution for the Laplace equation 
exists. An analytic solution can be obtained for only 
certain simple electrode configurations such as two 
infinite parallel plates, concentric spheres, concentric 
cylinders etc., and for certain slightly more complex 
configurations but then only by laborious approximation 
schemes such as series expansion or numerical integration. 

Since most of the electrodes used in electron 
lenses are cylinders or apertures, we can make use of 
the fact that cylindrical symmetry exists in these 
electrodes, and the Laplace equation can then be expressed 
to best advantage in cylindrical coordinates, 2, g, r. 

It then becomes 
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en 


a= (rif )- 0 G3) 
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The general method of solution in this type of 


problem is to try separation. Assume 
O(z,6,r) = F(r) G(@) Z(z) ° (4) 


By substituting for gin equation (3) the equation 


reduces to 
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| After separating variables the equation becomes 
kode We aire vides, \liya Z 
| F de> ‘Fr dr * Gr? ae?’ Zaz>" °° ~ (6) 
} This can be separated into two parts, am the part in Z 
| 
can be solved directly. Then 

| ne ges 
| = o 
% dz SS k 9 (7) 
| where k* is the separation parameter. The solution to 
| 
this equation is 
} +CK2 
| Z, =) Gia : (8) 
| The remaining equation then becomes 
| 
| Ede Lede aa 

Fo dr? + Far+@qe#-rk=0. (9) 
] This equation again separates into two parts, 
| 

2 
lL ad G 
a de = So 2° vey) 
2 2 
= Fo + - We vk?) = 0, (11) 
| The solution of equation (10) is 
+URO 
G = Cle e (1:2) 
Upon substitution of x = ik r in equation (11) this 
| becomes Bessel's equation 
| 2 
2aar aF 2 - 7 
a ee ie ae Bi) a Op. (13) 
a 3 2 : : 
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The solution to equation (11) is then 
F = ©, d,(ikr) + ¢,N,(ikr) . (1)) 


With cylindrical symmetry xe = © jin our Jens, and, 
therefore, fran equation (10) 2 = 0. The solution, 


equation (1h), then becanes 
P= Cad phate, Mitte): sc. (15) 


where J, is the Bessel function and N, is the Neuman 


function. Combining results (8) and (15) we get 
O(r,z) =F GR (r) 24 (z) .« (16) 


Since k does not necessarily have discrete values, we 
may replace the summation by integration, and the solution 
becomes 


P(r,z) = { c(x) F(r,k) Z(z,k)dke (17) 


If the boundary conditions are not too complex, 
this integration can be performed, but even then 
resort must usually be made to laborious approximation 
methods. The axial potential and its first two de- 
rivatives have been worked out from equation (17) for 
two coaxial cylinders of equal diameters. They are here 


reproduced from Television, page lll. 
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B'(0,2) =F} (B- 4) Soy ak, (19) 
gi '(0,z) 5) (A- A) Sarg) dk . (20) 


These integrals must be evaluated by approximation 
methods, and the numerical values of the potentials 
obtained are used to calculate the electron paths 
through the lens. 

With a change of the boundary conditions, the 
problem usually becomes so involved that in most cases 
it is impossible to find an analytic solution even by 
approximation methods. Since the potential distribution 
in a lens with two coaxial cylinders does not have 
the proper shape to give all electrons an equal 
acceleration in passing through the lens, and a more 
complex type of configuration was thus necessary to give 
the results required in the lens under consideration in 
this work, it was decided to determine the potential 
distribution by experimental means. The experimental 
methods employed and results obtained will be described 


in Section B of this paper. 


7 


mo pen Phraee evertl 
a 


’ S oe oy 7 f e re F- Tt aver 
Lao STecurm ey bap 200 tes 


carn F r a ' if L = ‘ fl f Rete e? 
fix moivefors ailvvisi ae Bs ij oF oldefeecaum af 
, 
n * ’ i 1 a4 ‘ fA 5 * 7 
. ‘ he orn G . eng hones ty. wer yr ct } 
7 Mo LING LLG A LE Pave Biss w agate . oem moOteexo tqaa A 
| 


a " oes ow eS a Cie i om 2 fA a - 
J Og ~Leley Aint 8 foie i Lele BOD CMT Lie ig ecet £ ol 


i 
ros os enoxdoete fIs evig of eqsde teuond emh ; 
7 RK =a Ls mi ' j 
\ é 
i" : 
“ome bee ,anel end cfaporit naledeq mi gotrarsisous., 
i ii ag" 
§ 7 
' { ; a mt J 4 Tio PLN : he) $ xe tune : 
7 ] 


Ry aed - aE - df Se oka) Coknedet waren tot cee ie Oe a : at 
rr | Lo Ae LI Sy METS! -Bfte tt Bog 2 Dee Tepes & ts fe oe" 6 i 
7) 


a 
a 
+ t + “f . 1 ri ‘ aoe y ® 7 ' - v2 6s 
felirnedgodq echt. enton 3h od bebloeb eaw oi OW etd t) 
: ; 
: y h ie 
L Perera ‘Tt ucinet Letnemiseoxc To ytol ded tote fh 
. 
_ 
fir begisdde edt tyveey bre be yu.tine" doorten 


ad 
nS 
‘ 
* 
. 


twkhsel 


Te 


In order to determine the characteristics of 


the lens it is necessary to trace the path of an electron 


through the lens. 


electron, that is, an electron moving parallel to the 
axis of the lens or where the path makes a very small 
angle with the axis of the lens. 

The value of the radius of curvature of an 
equipotential surface through a point on the axis is 


given by 


Z ¢ (21) 


There is a simple relationship between radial and axial 


gradients. 
ae. = 2%. 
Seethe EzeuL ar 
3 ag 2g 
or goncnaet ae ae aD PetZ (23) 
rR BEY; ZF cal 
dZ 


where r is the radial distance of the paraxial electron 


fran the axis. The radial acceleration of an electron 


is then 

d*r le a*¢gs 

dt= 2m" dzz ° (2h) 
but dz 

aoa . (25) 


We will consider the case of a paraxial 
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An examination of the relationship in equation 
(28) will show that the path of the electron depends 
only on r, z and relative @ which means it depends on 
the geometry of the field and the focussing ratio only. 
The relationship also shows that an electron moving 
with a velocity corresponding toa drop through a 
voltage g, and going through an electrostatic field 
caused by a potential difference 9,- %, follows a path 
independent of the values of d,, and @,but is 
determined by the ratio is . 

After the peeeaes di distribution has been 
determined, the path of an electron travelling parallel 
to the axis in object space is traced through the lens 
until it crosses the axis. This point locates the 
second focal point of the lens. By extending a line 


tangent to the ray back until it intersects the incident 
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parallel ray, the position of the second principal plane 
is leoeated. The position of the first focal point and 
first principal plane are similarly determined by con- 
sidering an incident ray parallel to the axis in image 
space. With the information obtained, it is then 
possible to determine all the characteristics of the 


lens. 
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Section B 


Experimental Procedure and Results 


Since it was considered difficult in the 
extreme, if at all possible, to find the potential dis- 
tribution in the lens by a mathematical solution of the 
Laplace equation, it was decided to map the field by 
means of the electrolytic plotting tank. The principle 
of the plotting tank makes use of the fact that the 
electrolyte used in the tank can be assumed to be an 
ohmic conductor so that the field strength at any 
point between the electrodes immersed in the liquid will 
be proportional to the current density. 

The tank used for the plotting was built of 


wood and painted with water-proof varnish to make it 


water tight. The material of which the tank is constructed 


must be non-conducting so that the equipotential sur- 
faces around the electrodes meet the walls perpendicularly, 
and thus the influence of the tank on the field is re- 
duced. The tank used was two feet long, one and one 

half feet wide, and one foot deep. The liquid used as the 
electrolyte was water with a very small amount of copper 


sulphate added. 
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Since the electrodes used for the lens have 
mirror symmetry, and since the equipotential lines around 
electrodes cross a plane of symmetry at right angles, 
each electrode used was constructed to represent one 
half of each of the two lens electrodes cut through a 
plane of symmetry. These two models were immersed in the 
electolyte with the surface of the liquid coinciding 
with the plane of symmetry. The surface of the liquid 
is a perfect insulating plane so that no current can flow 
above the liquid when potentials are applied to the 
model electrodes. Thus the equipotentials must inter- 
sect the plane of symmetry at right angles because there 
is zero vertical current flow, and the field vector 
normal to the plane is zero. 

Since the current flowing between the electrodes 
acts like an incompressible fluid, the current density 
and thus the field strength obey the equation of 
continuity, or, in other words, the potential throughout 
the electrolyte obeys the Laplace equation. The 
potential anywhere in the liquid is then proportional 
to the potential of a corresponding point in the 
actual lens electrode system. 

The potential distribution over the plane of 
symmetry was measured by a small wire mounted so as to 


just break the surface and constrained to move ina 
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horizontal plane. The probe was carried at the end of 
a pantograph linkage so that the position and motion 
of the probe was transmitted directly to a recording 
pencil attached to the other end of the linkage where 
the motion of the probe was recorded on graph paper. 
The shape of the Ane a ealecias was determined from 
the fact that since an equal acceleration of all 
electrons passing through the lens was desired, it was 
nacessary to-have a potential distribution of such a 
shape that the distance between any two successive 
equipotential surfaces measured along the field vector 
of the surface of highest potential is the same over a 
considerable portion of the lens. The electrode 
shape shown in figure (1. has equipotential surfaces 


that are spherical in shape. Thus it was decided to use 
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electrode models of such a shape because it seemed 
possible to obtain the emditions desired with spherical 
equipotential surfaces. The dimensions of the models 


as originally constructed are given in figure ‘g.. The 
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reason veh y one af the apertures was made larger than 
the other is .t%8tT most lenses of this type show 
less spherical aberration when the high potential 
electrode of the lens is smaller than the low potential 
electrode. 

| The experimental apparatus was arranged as in 


figure *2o. The electrode with the larger aperture was 


NULL 
Detector 
and 


AMPLifscer 


Figuve @. 
set at ground potential, and the potential on the other 
electrode was set at 90 volts which was the maximum 
output of the oscillator and amplifier. The variable 
resistors A and B were then adjusted in turn so that the 
probe was set at potentials representing percentages of 
the potential difference between the electrodes from 
5 percent to 95 percent. At each of the settings of 
the resistors, the probe was moved so that the current 


to it remained zero thus plotting the equipotential 
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surface of the percentage potential difference at 
which the probe was set. 

With the original electrode sizes the 
equipotential surfaces obtained were too small for 
accurate determination of electron paths. Thus the 
apertures were cut to four and six centimeters in 
diameter, and plots were again made. It was found that 
by moving the electrodes as far apart as possible and 
increasing the size of the low potential electrode that 
the distribution and shape of equipotential surfaces 
desired could be obtained. The low potential electrode 
was finally cut into a cylinder of ten centimeters 
inside diameter while the high potential electrode was - 
an aperture of four centimeters inside diameter. For 
the final plot the electrodes were ten centimeters apart. 
The lens poieneacted and equipotential plots are shown 
in figure t(3se. 

The axial potential distribution is plotted 
as a function of the axial position in figure ;-#4.-. The 
axial potential is plotted as a percentage of the poten- 
tial difference between the two lenses. The position of 
the percentage equipotential lines is independent of 
the potential difference impressed on the electrodes 


so that this plot may be used to determine the potential 
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at any point along the axis regardless of the potentials 
impressed on the electrodes. The zero point of the 

axis was arbitrarily chosen at a point eight millimeters 
ahead of the five percent equipotential surface. The 
axial distance is measured in terms of R, the diameter 
of the smaller aperture. 

The slope of the axial potential distribution 
curve, plotted as a function of the axial position, 
gives the first derivative of the axial potential. This 
plot is shown in figure “3. The first derivative, 
which determines the electric field strength, is also 
plotted as a percentage of the potential difference 
so that this plot may also be used to determine the 
electric field strength of the lens regardless of the 
potential difference. The axial distance here also 
is measured in terms of R. 

Since it is necessary to know the acceleration 
picked up by an electron in passing through the lens, 
the curve of the first derivative of the axial 
distribution must be summed. This camot be done 
analytically because the equation of the curve isn't 
known. It can be done by finding the area under the 
curvee This was done by the use of a planimeter. To 


check the results of planimeter the ordinates of the 
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curve for each millimeter distance along the abscissa 
were summed, and, as a further check, the area under 
the curve was cut out of the graph paper and compared 
against a standard block of known area of the same 
piece of graph paper on a chemical balance. The latter 
method assumes, of cowse, that the graph paper is of 
uniform density throughout. The results obtained 
checked very closely. With the planimeter, the area 
found was 100.00 em?, by the summation of the 
ordinates an area of 98.85 cm? was found, and with the 
chemical balance an area of 100.2 cm? was found. Thus 
the area faind with the planimeter, being the most 
accurate, may be considered as the mean of the three 
determinations and will be used as the correct value. 
In the plot of the first derivative one centi- 
meter on the graph paper represents 0.1 volt/cm.. Thus 
1 em? of area = 0.1(volt/cem?)cm. = 0.1 volt/em. of 
field strength, so that the 100 cm? area found by the 
planimeter is equivalent to 10 volts/cm. of field 
strength. The final value of the field strength is, 
of course, dependent on the potential difference 
impressed between the electrodes; but when the potential 
is known, the field strength may be determined because 
the axial distribution is plotted as the percent 


potenial difference. 
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It is now necessary to trace the path of an 
electron through the lens so that the characteristics 
of the lens may be determined. There are several 
methods available f@ doing this. The methods used 
are described in Television? chapters 3 and hive One 
method utilizes the fact that the path of the electron 
in passing through the region between two equipotential 
surfaces coincides approximately with the are of a circle 
of. radius Ari= af tangent to the vector representing 
the velocity of the electron as it leaves the first 
equipotential surface. @is the potential of the first 
equipotential surface. This method becomes difficult 
to use when the curvature of the path is small, as it 
is in our case, because the radii of the circles become 
awkwardly large. 

The graphical method which can be used to 
advantage where the curvature of the path is small is 
the parabola method which will now be described. The 
accuracy of the two methods is about the same. 

An electron moving in a uniform field with 
a velocity component at right angles to the field will 
follow a parabolic path. The tangent to a parabola 
at a point distant x from its vertex meets the axis at 
a distance 2x from the point of tangency. This is the 


principle involved in the parabolic method of ray 


le. V. K. Zworykin and G. A. Morton, Television . 
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tracing. The electron is assumed to be at a point A 
on the first equipotential surface moving with a 
velocity v represented by a vector ¥. A line representing 
the field vector EF is drawn perpendicular to the 
equipotential,®@, at the point A which extends a distance 
d to the secmd equipotential %,. This line is drawn 
back a distance gee to a point B. A perpendicular 
is dropped from B onto the extension of ¥ locating the 
point C. A line parallel to AB is then drawn back a 
distance d from C locating the point c’., A line drawn 
from C through A locates the position of the electron 
when it reaches De 

The path of an electron through the lens is 
shown in figure -6.. The electron was assumed to be 
moving parallel to the axis at a radial distance of 
0.25R fran the axis at the five percent equipotential 
surface. After the electron leaves the lens, it will 
continue in a straight line. The point at which the 
electron will cross the axis, according to the slope 
of the pathafter it leaves the lens, will be distant 
about 15.25R fran the zero point of the axis. The 
total potential difference for the purpose of calculating 


ty was taken to be ten centimeters. The point where 
TG | 


the electron crosses the axis determines the second 
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focal point of the lens. 

Another method for tracing the path of an 
electron through the lens was also used to check the 
graphical method. This ts the Gans meth od+ which 
consists of representing the potential along the axis 


by straight-line segments, and applying the ray equation 


dr ed erdrae al ag 
dz> =~ - 2¢daz az” Wedz* *? 
along the straight segments. The second derivative 


a 
8 is zero over any straight segment. Then 


dr Titdpehag 5 


az? uns ee dz az 


After integrating, this becames 


ae. ¢ 


dz 
d 
iis ean eeee= ves) 
= ap 
az 


where r, and ® are the radial position and potential at 
the beginning af the segment. 

At the point of intersection of two segments, 
let a Be Eye a a - 
dee ee infinite, and we obtain the following equation 
over the transition: 

(2£ (22 
elvis = az), (az) 
hp 


dz}, dz}, 


1. Zworykin and Morton, op. cited, pp. 106-110. 


-* Veo a 
< 24¢ Cath to : 
4 nie 


ne to déaq en¢ pioam £04) Lodi m4 3 i ah 


end Moeto oF Reeu a ,ere sew Perey ents “sg 4 meus 


= 


inidw ~“hboddem ened edt es dirt’ «boise th ; 


vy 


ae 
| fe 
nines oad profs Lelinetog ens gritie ne werden.” o 


B uf ine 2 fh een Ta a oe hee n% 
rolsaepe year ood gal¢lqge bas yevmemged © 
iN . a Te 
Wh ft) thes at T'b 
+. 4 iS” aaj etal: ap pee 4 
oT TSR Se 7 ae Sb 8S > eee ; 
r 
‘ [ io a pfTF) of pnt heer 
tor} y J i V his G = b rope tm) te Clie st i LADY ;~ & Z rit. a adds 
aenT .ddemmes Idglagds yas tev oyes & 
° 
* 
Se xh . rae) 
. ae Law i a nS 7 
See, Sapte ieee 5 — 
sf sb S¢ a AP 
eemmood ells yanitergedat qa 
Wey tO , 
a = VV ae 
Ae ee 
(Siw, Zabvre 
pC oa RR EP I A 
: me *) 9) 
i , 
- oe p ) 
és. iu LP 
2 i : a ey - ay SNe a's Pp ' hao a 
ts [elinedog “base agivieeg Latbet ot ots & One ee 


stosaget edd WD aamantig | 


edremgeae ows “lo) noivopeasd nt Ie. dake leas Raid ann 


f 
y wit debe Ca ay + \ 


1of+tetras antwolfot odd oberdo ew bce 22 sects at 
3 | _ 
+f pleendical' a 


\ ey 
Peed ‘ {3 } 
M Ed AS SP ey 
” “~~ 
\ t 
aS 
' 
wise aes = ae 


D & PAPER CO., HOLYOKE, MASS. 


PA 


ICAN 


- AMERI 


ee 


ie 
a 


HATE 
Hi tT 

esreti 

EES 


th 


peeeasssageg 
popecceeges 
HA HH 


SEs EEE 


ae 
aie 
sites 


i 
Ss ao a : 


ee i ae : 


srecttoce 
sata 
HH 


aH 


i 
| 


Figure i 


seiitteartnaitis: 
Eaaeszsisis 
sEnET 


PIpeseseioes ites 
Hie HEHE : 
a a i 
ST Sea H 
eee atti Se : 


| _ 


. 
ce 


sone } 4 Ha ie Hue 
Sit He Hite 


a oo i ce 


ase oo. 


2 il 
HE salaaaaiaiia lial EEE TE CEE _ 
‘eis isieanee a wth 


HE 


eeeess act 


i 


p 
i 
4 


- 


2h. 


The subscript 1 indicates values before the break-point, 
and 2 those after the break-point. Where the segment 


is parallel to the axis, the solution becomes 


r = r +($E) (2-2,) ° 


In the calculation of the path, the low potential 


was assumed to be 2 while the high potential was assumed 
to be 12. The units are arbitrary since the voltage 
ratio only has any effect on the lens properties. 

The plot of the axial potential was broken 
up into straight segments as in figure «%2n. The value 
of z, in terms of R, and g at the points of intersection 


of the straight segments are given in table Z. 


fapie is 

z (in terms of R) D 
A -0.31 2600 
B. 9.59 2.90 
g 1.402 3.85 
D ue 5.00 
E 1. 70 65 30 
F B91. 7-65 
G 2.0 9.55 
H Be b1E10 
z 2.95 bILgho 
J 3.45 12.00 
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The values of the slopes of the segments and 


thus the potential gradients, p’, are given in table 72. 


Table 2. 


a 


Segment 


oA 
AB 
BC 
CD 
DE 
EF 
FG 
GH 
HI 
IJ 
Jo 
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The results of the calculations are given in 


table ~23*86. 
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Table 3. 
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7, bie 
0 ~9,905008- 
-0.006 -0.008 
-0.007 -0.009 
=02.000° -Os01 4 
=Q6012'- =0,016 
=0.016 =0.015 
-0.013' ~ -0.012 
-0.011 ~<0.010 
-0.010 -0.009 
-0.009 -0.008 
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From the point J the electron continues in 

a straight line with a slope to the axis of -0.008. 
Thus it will intersect the axis at a distance 
0.093/0.008 = 11.6R from the point J or a distance of 
TesOSR frat the zero point of the axis. This value 
agrees very well with the result obtained by the 
graphical method. 

By tracing the electron path, after it leaves 
the lens, back until it intersects the incident path 

of the electron parallel to the axis the position of the 
second principle plane is determined. The second focal 
length is then the distance from the principal plane 
where it intersects the axis to the second focal point. 


The first focal point is determined from the relation 


where f, is the first focal length, f, is the second 
focal length and Y and g are the potentials applied on 
the first and second lens electrodes respectively. The 


magnification of the lens is given by 


where V is the distance from the second focal point to 


the image plane, and U is the distance from the first 
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focal point to the object plane. Thus once the position 
of the electron enitting object has been selected all 
of the other constants and distances in the lens can be 
calculated from the relationships given. 

In order to protect the Ale ae properties 
of the lens from magnetic fields, the entire lens 


structure must be shielded with iron. Since the lens 


will be near strmg magnetic fields, the iron shield 
must be heavy enough to adequately protect it from these 
fields. A small aperture will have to be cut in the 

end of the iron shield to allow the beam of electrams 
leaving the lens to pass into the spectrometer. This 
aperture will also serve to act as a shield against 
stray electrons in the lens structure and to cut down 

on the effect of spherical aberration. 

The electron emitting object must be so placed, 
and the beam of the electrons defined by apertures in 
such a way,that the p&hs of the electrons entering the 
lens do not make too large an angle with the axis 
of the lens. The paths should not make an angle larger 
than such that the sine of Single may be considered as 
equal to the angle in radians. This will assure a 


better focal point and less spherical aberration. 
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The Spectrometer 
After passing through the aperture in the end 


of the iron shield around the lens system, the beam of 
electrons enters into a uniform magnetic field directed 
perpendicular to the axis of the beam. The magnetic 
field will now cause the electrons to follow circular 
paths of radius of curvature determined by the velocity 
and, thus the energy, of the individual electrons. 

The force acting on an electron moving ina 


magnetic field is given by 


F = Bev ep) 
where B is the magnetic induction, e is the charge on 


the electron, and v is the velocity of the electron. 


The force required to keep a particle of mass m = —“2=— 


f- = 


av 
and velocity v moving in a circular path of radius r 


is 

_ mv ° 

Bere (2) 
These forces must be equal if the particle is to re- 
main in a circular path when acted on by both of these 
forces. Thus equating the right hand sides of equations 
(1) and (2) we get 

mv* ‘ (3) 


Bev === 
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Solving for r we get 


my (1) 


which gives the radius of the path of any particle 
with mass m, velocity v, charge e in a magnetic field 
of induction B. Usually the energy is expressed in 
Hp or Br units. Thus multiplying both sides of 


equation () by B we get 


Be mv ° (5) 


Since the value of B is known, the energy 


of any electron, in terms of Br, can be determined by 


measuring the radius of curvature. The angular position 


of the detector from the axis of the beam as it 
leaves the lens system will determine the radius of 
curvature of the electrons entering the window of the 
detector. 

In order to get maximum intensity at the 
detector, it is necessary to place the window of the 
detector at the image plane of the beam of electrons. 
It is thus necessary to calculate the curve described 
by the image plane as the beam of electrons is bent 


into successively smaller circles. We take the exit 
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aperture from the lens system on the axis of the beam 


of electrons as the origin of the coordinate axes. 

The equation of the family of circles passing through the 
origin with their centers on the y-axis below the x-axis 

is given by leita 


x?+ (ytr)?= r? . (6) 


| 
This equation represents the paths of the electron 

beam as a varying magnetic field is applied. Since 
the distance from the origin to the image plane is a 
constant length regardless of the radius of curvature, 
the image plane will intercept an are of equal length } 
on each circle of the family. 


The arc length S of any curve is given by 


4 i} 
=) ey +i] Pay (7) 
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For the family of curves of equation (6) 


LS ere peer 
dy x . (8) 


In this*ease a =!0eceThus 


as fs ee tints ra] Pay (9) 


and integrating gives 


S = r are cos (1+ =) (10) 
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Solving for r we get 


ae b (12) 
T =tees(s/r), 
S is constant because the distance from the origin 
to the image plane is of constant length on any of the 
eireles. 
The equation of the family of circles in 


polar coordinates is given by 
P= - er sine : (13) 


Solving this equation for r we get 


‘ (1) 


~ 2sin®@ 


We now substiture this value of r in equation (12) 


giving 


ics ve b 
esin®@  i-=cos . (15) 
any 
2sineg 


In the integration of S, b is the value of y 


at the termination of the arc. Therefore we substitube 


b= ¥ = paine (16) 
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for b in equation (15). Then 


atts = Tos SSE) , (17) 
pr 


Pecos (<8sin?)- e(1-2sin76 ) = Pcos 26, (18) 
el cos (=3-22)- cos 20] = 0 «4 (19) 


Thus one of the solutions is the trivial case where 


P= 0. If of oO, 


cos (328) = cos 26 , (20) 
eosin = 20, (21) 
_ Ssing . (22) 

eon perc 


We can expand sin@in a series to avoid trouble when @ 


becomes zero. Then 


3 
e735 (0- f+ H---), (23) 
e= s(1-<+ -...) Te (2),) 


This is the equation of the curve describing the 


shape of the exit window. 
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When the value of @ given in equation (22) 
is substituted for - in the equation of the family of 
circles in polar coordinates (equation (13)), r can 


be solved for in terms of S and & Thus 


oe + 2r sine=0 . (25) 
When sin@ # ©, 
S = 
ZB? 2m © (26) 
or 
Boas : (27) 
FP = 36 


Since S is constant, this equation determines the 
radius of the path of any beam of electronsin terms 
of the angular displacement of the detector from the 
axis of the lens system. 

This value of r does not determine the true 
energy of the particles, however, because all of the 
particles fran the source were accelerated by the 


focussing lens. We will write equation (5) as 


mv (28) 


where Br, indicates the observed value. The true value 


is then 


Br, = = (v-v,, ) (29) 
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where v, indicates the velocity of the particles due 
to the acceleration of the particles in the lens. 
The force F acting on an electron in an 


electric fleld E is) given ‘by 


Fo= e& ° (30) 


If the potential is zero at the source, then 
1/2 mv? = eE. (30) 


Since many of the particles are moving at relativistic 
speeds, it is necessary to make corrections for change 


in mass. Then 


K.E,= eB = - 1 (32) 
Solving for v we get 
2 
E a 
fgets + ) = eee ’ c33) 
PON ee ’ (3) 
(werd 
. (35) 
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This is the velocity due to the acceleration produced 


by the electric field, vy, . Thus 


. RL al: 
Br=== - he oe 
22) e Vv (64 ek a) 2 rs (36) 
me* 
But Br = : 
Therefore 
pe mc ai 
Sevitenal feo jie vgeag ae (37) 
(ae) 


Ne have thus determined the true energy of the particles 
entering the detector. 

When beta-particles pass through matter, they 
lose energy due to the ionization produced along their 
paths. The number of ion pairs formed increases with 


decreasing velocity of the beta-particles. Some of 


the energy of the particles is lost due to the excitation 


of atoms without actually forming ion pairs. Further-= 
more, some of the particles will be scattered by inter- 
action with the nuclei of the atoms. Thus the entire 
lens area and spectrometer must be highly evacuated 

to prevent loss of energy and scattering of the 


electrons in passing fran the source to the detector. 
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However, since the spectrometer must be highly 
evacuated, an exit window must be provided through 
which the electrons can pass into the detector. It has 
been found that the average angle of deflection of 
electrons in passing thragh thin layers of matter is 
proportional to the square root of the thickness of 
the matter? and that the scattering at a particular 
angle is proportional to the square of the atanic number 
of the material. Thus in selecting the material for 
the exit window, consideration must be given to the 
atomic number, ionization potential, and strength of the 
material. The atomic number and ionization potential 
should be low, and it must be possible to obtain a 
very thin layer which will have sufficient strength 
to withstand the atmospheric pressure when the spectro- 
meter is evacuated. Lawson and Tyler? have used 
pyroxilin in the exit window of their:magnetic semi- 
circular focussing spectrometer. The pyroxilin is 
dissolved in dry amyl acetate and poured on a tank of 
water. The layer is spread out as thin as desired, and 
then a wire frame is brought up from the bottom of the 
layer so that the pyroxilin layer hangs over the wire. 


If the layer so produced is too thin, the process is 


1. J.A.Crowther, Proc.Roy.Soc. A,8,226(1910). 
2. J.A.Crowther and Bi ae Foc RoyeScc, A¥100; oad 
3. J.L.Lawson and A.W.Tyler, Rev.Sci.Inst.,11,6 ,»(19h0 


(1922). 
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repeated with another layer until the desired thickness 
is obtained. Films as thin as 1 1/2 microns were 

used that withstood pressures of 30 cm. of mercury over 
a rectangle of | mm. by 16 mom. for extended periods 
of time. 

By making the film slightly thicker and 
placing a support at each 16 m.m. interval it will be 
possible to construct an exit window large enough 
so that two detectors can be used simultaneously at 
the exit window thus making it possible to make 
coincidence counts between various homogeneous groups 
of electronsfocussed simultaneously from the same 
source. This would give much information on the 


problem of beta-disintegration. 
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CONCLUSIONS 


The beta-ray spectrum extends from zero 
energy up to a certain maximum which depends on the 
nuclei of the atom which is emitting the beta-particles. 
The low energy particles in the spectrum cannot be 
studied very accurately with most spectrometers in 
use today because of the fact that these particles are 
very easily stopped by the exit window. The higher 
the atomic number and thickness of the material, the 
greater the stopping power will be. Thus many 
investigators have attenpted to improve the results 
found in the lower end of the spectrum by devising 
exit windows and counter windows that are thinner and 
of a lower atomic number. 

The spectrometer proposed in this paper would 
overcane these difficulties encountered in the lower 
end of the spectrum by the fact that all of the 
particles are accelerated by the electrostatic lens. 
This acceleration would give the low energy particles 
sufficient energy to be able to pass through the exit 
window. The amount of acceleration of the particles 


can be increased or decreased as desired by increasing 
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or decreasing the potential difference between the 
lens electrodes without changing the focussing 
properties of the lens because these properties depend 
only on the voltage ratio. The thickness of the exit 
window would then not be so critical although it would 
still be important. 

Since the thickness of the exit window would 
now not be so critical, it would be possible to make 
the window larger so that two detectors could be 
used simultaneously. It would then be possible to make 
coincidence counts between homogeneous groups of 
electrons of different energies focussed from the same ! 
source. So far as is known, it has been impossible to | 
accomplish this with any spectrometer in use at the 


present time. Much valuable information concerning 


beta-disintegration could be obtained by this scheme. 


ee 


sevseviot sila 
beg sb 2d wre EY 
thee ead to eeone tig re 


; tates By (ore 
haha 

Rison wobslw dixe 3a to socal ei oon 
ceili ad e%dtenoq, ed Bivow'dl , x | 


ny ene 


8d. bicos exovoede owd $e ott on 4 


sildar od ofGt ecg led aedd Stew ot fits 1208) 


to aaKory “euoenegomor xeawded. 24 

Sige ont i904 bezevs0% eeiguens dnete 4] ote 
od eid isvogtet sead. esd of _crwo righ et aes 4 ke 
edd So sek fk retemo ttoage yar fd bw end de O98 


%; oF UU oe 


Bay 


samniioe ebdd yd beantetdo sd iad aort 


i : 
nolmiestes #6 hteme tet ota ae dossti -9m8 Simeone 
i 


BIBLIOGRAPHY 


Backus, Je; Phys. Rev., 68, 59 (195) 


Cork, James M.; Radioactivity and Nuclear Physics, 
De Van Nostrand Co., Lne.. 19n7 


Growther, J. A.; Proc. Roy. Soc. A, 8h, 226 (1910) 


Crowther, J. A. and Schonland, B.F.; Proc. Roy. Soc. A, | 
100, 526 (1922) 


Danys2, J.s, Le Radium, 9, 2 (2912); 10; (1923) 


Deutsch, M.; Phys. Rev., 59, 68 (191) ! 


Deutseh, Was Blitet, L.Ges and Evans, R.De; Rev. Sei. 
Inst., 15, 178 (19hh) | 


Dunwerth, d. Va; Rev. Sell. Inst., 11; 267 (19h0) 


Hansen, W. W. and Webster, D.l.; Rev. Sei. Inst., 7, 17 | 
(1936) | 


Hughes, A. L. and Rojansky, V.; Phys. Rev., 3h, 28 (1929) 


Kirkpatrick, Paul ‘ie Beckerley, James Ge; Rev. Sci. 
asties 15 2h, (1936) 


Klemperer, 0.3; Phil, Mag., 20,55 (1935) 


Klemperer, 0.; Electron Optics, Cambridge University 
Press, 1939 


Lawson, J. L. and Tyler, A. W.3; Rev. Sci. Inst., 11,6(19)0) | 


Matert, 1.4. and Epstein, BD. W.3 Pree. IsR.E., 22, Nox 12, 
Dec. 193) 


Margenau, Henry and Murphy, George Moseley; 


The Mathematics of Physics and Chemistry, D. Van Nostrand 
Gee; ines, 193s 


hag 


| 


i 
i 


(QWeI)O ff patent .toSssvek we erelyt bad an ee go 08 ee ad 
rt 


° gs) 


Pn ee. 
od 2000 4 FOR ‘opettr ee Ey seth 


as + 
; ade 
bisSy.VEN 3,0. (etieve Boe oe aah oLre® 7 
| GUE) ey 
(Omer) Tok 4Le yifeatl toe voR ia tes 


\i «Y eedent + tog Ven © wcbile re dedell Brih We A 


~ 


(eSef) gBS le), . vem sem 2.V colenetow Piste eh xs 


slog sve rid geitol eve Ltstosk Bre aie: ae 
(deer) LS 
a 


22,05 "DAM uth es? ere 
viietevind exbiadmad "feo tte 2 | u 


ad 
f™ 
“OS 
m_ 
~~ 


(Si so) (SS (aR Soak eit see bap, -. f a rat 


‘VELSOBOM eavosae 4 
brerseoK aev 0 WOE A IE 25 


p-2e Aaer 


Robinson, H. and Rutherford, E.; Phil. Mag., 26, 717 (1913) 


Rescra, Bs Tl. Rewe Sei. ‘Insts, 8; 22 (1937); lly 19 (19.0), 


Saba FP, T. sna) Horton, ¢. W.; Rev. Seis Inst., lh, 
(1943) 


Wilson, 6.01. °R¢ 2 Rroe. Roy.) Soe. Aj 85,° 285 (198) 


Zworykin, V. K. and Morton, G. A.; Television. The 


Electronics of Image Transmission, John Wiley and Sons, 
TAC. 19 Qs 


Aworyainy Vie. Kier de. “oro mranks® Inst.,|.2155535;eMay 1933 


5 ee! Ai oes 
Tad Soe ie: { “a r 
fetes) TET 88 saat ia) ane ae tak 
(oer) Qf vif (Teel) SS Baga ee 


i) j epee aon sat ae gy 
es Lt ; : 
No ' 

tests es sab 

; | 
J 
; 
’ 
; ea? 


ee i ce a 


ABSTRACT 


The purpose of this paper is to develop the 
theory of a new type of beta-ray spectrometer utilizing 
focussing of the electrons by an electrostatic lens. 

The theory of electrostatic lenses is discussed 
in Section A of Part I. In order to calculate the 
path of an electron through the lens it is first 
necessary to determine the potential distribution by 
the solution of the Laplace equation with boundary 
conditions depending on the shapes of the electrodes and 
the potentials applied. 

The general solution of the Laplace equation 
in cylindrical coordinates is worked out, and specific 
solutions for the case of two coaxial cylinders of 
equal diameters are given for the axial potential 
distribution and its first and second derivatives. These 
solutions must be evaluated by approximation schemes to 
obtain numerical values of the potential which can then 
be used to calculate the electron path through the lens. 

With a more complicated set of electrodes, as 
was necessary in this case, an analytic solution of the 
Laplace equation becomes difficult in the extreme or 


impossible. Experimental methods must then be employed. 
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The method of tracing an electron through 
the lens analytically is discussed. From tl results 
it is shown that the path of the electron depends only 
on the geometry of the field and on the ratio of the 
potentials applied to the electrodes. 

The experimental procedures employed in 
the determination of the potential distribution of the 
lens and the results obtained are given in Section B 
of Part I. The potential distribution was plotted by 
means of an electrolytic plotting tank. Since the 
current flowing between the electrodes in the electrolyte 
acts like an incompressible fluid, the current density 
and thus the field strength obey the equation of 
continuity, or the potential throughout the electrolyte 
obeys the Laplace equation. The potential in the liquid 
is then proportional to the potential in the actual 
lens system. 

The models of the electrodes used in the 
plotting tank were large replicas of the actual electrodes 
cut through a plane of symmetry. The shapes of the 
electrodes were determined by the fact that the distances 


between any two successive equipotential surfaces 


measured along the field vector should be the same over 


a considerable portion of the lens. 
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When a potential difference was applied to the 
electrode models in the electrolyte, a probe which was 
set at a percentage of the potential difference was 
moved in such a way that the current to it remained 
zero as determined by a null detector. The probe 
was connected to one end of a pantograph linkage, the 
other end of which was provided with a pencil where the 
motion of the probe was recorded on graph paper. The 
position of the equipotential surfaces in terms of per- 
centage of the potential difference »{£§ plotted for 
values from five percent to ninety-five percent. 

The axial distribution is plotted as a function 
of the axial position which is measured in terms of 
the diameter of the smaller aperture of the electrodes. 
The field strength is then determined by plotting the 
Slopes of the curve of axial potential against the 
axial position. The total field strength is determined 
by finding the area under the field strength curve. 

The path of an electron is traced through the 
lens by two methods, a graphical method and an 
analytic approximation method. The graphical scheme 
is the parabola method which is based on the fact that 
the tangent to a parabola at a point distant x fran 


its vertex meets the axis at a distance 2x from the 
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point of tangency, and that an electron moving ina 
uniform field with a velocity component at right 
angles to the field will follow a parabolic path. 

The analytic approximation method consists of 
representing the axial potential plot as a series of 
straight line segments and then applying the ray | 
equation along these segments in turn. The results 
of the two methods are shown in tables and graphs, | 
and they check very favorably. | 

From the results of the ray tracing the 
position of the second focal point and then the second 
principal plane are found. All of the optical characteris-_ 


tics of the lens can then be determined from optical 


relationships between these characteristics. 


The actual spectrometer is discussed in Part II. 
The entire lens portion is to be encased with an iron 
shield to prevent magnetic fields from interfering with | 
the focussing properties. The beam of electrons can 
enter the magnetic field @§ vii .. the spectrometer 
through a small aperture in the iron shield. | 
In order that the image plane shall always 
be located at the exit window regardless of how much 
the beam electrons is bent by the magnetic field the 


shape of the exit window relative to the position of 
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the axis of the beam of electrons leaving the aperture 
in the iron shield is calculated. From this relationship 
the radius of curvature of the path of any electron 
reaching the detector at the exit window can be 
determined in terms of the angular displacement of the 
detector from the axis of the beam leaving the lens. 

The true radius of curvature of the path of 
any electron is calculated by taking into account the 
amount of acceleration produced by the electrostatic 
lens on the electrons and by considering relativity 


effects. 
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